Immunohistochemistry studies suggest that the anatomic substrate of the slow pathway in atrioventricular nodal reentrant tachycardia (AVNRT) is the left inferior nodal extension. We hypothesized that slow pathway ablation from the left septum is an effective alternative to right-sided ablation.
A lthough the exact circuit of atrioventricular nodal reentrant tachycardia (AVNRT) is still unknown, [1] [2] [3] there has been considerable evidence supporting the role of the inferior nodal extensions as the anatomic substrate of the slow pathway. [4] [5] [6] [7] Recent advances in immunohistochemistry techniques, [8] [9] [10] and mathematical modeling of the relative times during AVNRT, 11 have provided insights concerning the electrophysiologic characteristics of the arrhythmia circuit. Staining and genotyping of Cx (connexins), that is, the gap junctional proteins that are particularly expressed in the atrioventricular junction, have allowed a 3-dimensional reconstruction of the area and identification of specific structures with substantially different conduction properties. There is now evidence that the right inferior nodal extension and the lower nodal bundle (an entity that cannot be identified by conventional histology) express Cx43 at similar levels as the atrial septum and would functionally support fast conduction. [8] [9] [10] The left inferior nodal extension is capable of only slow conduction because of low expression of Cx43, as also is the case in the compact node. Furthermore, functional studies in the rabbit heart have shown that atrioventricular delay can be avoided by pacing near the right inferior nodal extension. 12 We, therefore, hypothesized that if the leftward inferior nodal extension mainly provides the anatomic substrate of the slow pathway in AVNRT, left septal slow pathway ablation should be effective in cases in which a conventional right-sided approach has failed, and it should also be a safe and effective procedure for initial ablation of AVNRT. To investigate this hypothesis, we retrospectively analyzed a series of patients who had undergone left septal slow pathway ablation after failure of the right septal procedure and prospectively studied a series of patients who underwent left-sided slow pathway ablation without any prior attempts at right-sided ablation.
METHODS

Patients
Data from adult patients with symptomatic AVNRT, with at least one episode every 2 months, undergoing catheter ablation at Athens Euroclinic, Greece (2007 Greece ( -2015 ; the Brigham and Women's Hospital, Boston, MA (2012) (2013) (2014) (2015) ; and the University of Michigan Health System, Ann Arbor, MI (2009) (2010) (2011) (2012) (2013) (2014) (2015) were analyzed. All patients with a diagnosis of typical or atypical AVNRT subjected to catheter ablation of the slow pathway from the left septum were identified and included in the study. Patients were subjected to left septal ablation either because of inability to achieve noninducibility of the arrhythmia after a right-sided slow pathway ablation or when they were admitted for a redo procedure because of recurrence after right-sided ablation (group R+L). Patients with a diagnosis of typical or atypical AVNRT who consented to slow pathway catheter ablation from the left septum without a previous right-sided attempt comprised group L.
All patients were studied in the postabsorptive state under mild sedation and after all antiarrhythmic agents had been discontinued for >5 half-lives. No patient had received amiodarone during the preceding 3 months. The study received approval from our institutional review boards, and all patients subjected to left-sided ablation provided a written, informed consent.
The data, analytic methods, and study materials will be made available to other researchers for purposes of reproducing the results or replicating the procedure.
WHAT IS KNOWN?
• Sporadic evidence indicates that slow pathway ablation of atrioventricular nodal reentrant tachycardia can be successfully ablated by targeting the anatomic area of the left inferior nodal extension.
• Connexin genotyping studies suggest that the left inferior nodal extension is likely to be an important anatomic substrate of the slow pathway in atrioventricular nodal reentrant tachycardia.
WHAT THE STUDY ADDS?
• Slow pathway ablation in patients with atrioventricular nodal reentrant tachycardia, typical or atypical, can be accomplished either from the right or left septum with a low risk of inadvertent atrioventricular block.
• Slow pathway ablation from the left posterior septum may be considered when ablation at the right posterior septum and the coronary sinus ostium is ineffective in eliminating typical or atypical atrioventricular nodal reentrant tachycardia.
Definitions
AVNRT was diagnosed using established criteria during detailed atrial and ventricular pacing maneuvers. 13 Typical (slow-fast) AVNRT was defined by an atrial-His/His-atrial ratio >1 and His-atrial interval ≤70 ms. Atypical AVNRT was defined by delayed retrograde atrial activation with Hisatrial>70 ms.
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Mapping and Ablation
Right Septal Ablation
Anatomic slow pathway ablation was performed at each center according to standard techniques. In brief, a conventional 4-mm ablation catheter was positioned at the inferior (posterior) part of the tricuspid annulus until an A/V ratio of <1 was recorded, and the atrial electrogram was delayed relatively to the atrial electrogram recorded at the His bundle. Care was taken to keep the ablation catheter at or below the ostium of the coronary sinus (CS) as visualized by fluoroscopy. When multicomponent signals or separate, low-amplitude potentials were obtained, radiofrequency (RF) current, 20 to 40 W aimed at a temperature of 60°C, was delivered for ≤30 s until a junctional rhythm with 1:1 retrograde ventriculo-atrial conduction was elicited. If ventriculo-atrial conduction was not seen, RF delivery was immediately stopped. Once junctional rhythm with ventriculo-atrial conduction was recorded, energy delivery was continued for 10 to 60 s or until cessation of the junctional rhythm. After ablation, arrhythmia induction during infusion of isoproterenol was attempted. End points for ablation success were demonstration of RF-induced junctional rhythm and noninducibility of AVNRT by programmed stimulation during isoproterenol challenge.
Left Septal Ablation
A mapping electrode was retrogradely introduced through the noncoronary cusp of the aortic valve to record a leftsided His bundle electrogram as described elsewhere. [14] [15] [16] Initial attempts for left-sided slow pathway ablation were accomplished through the transaortic route. However, because positioning of the left septal catheter retrogradely through the noncoronary cusp inevitably results in mapping of the anterior part of the septum, a transseptal approach was later used for introduction of the left-sided ablation catheter and additional mapping of the posterior part of the septum (Figures 1 and 2 ). With advancing experience, mapping of the inferior (posterior) part of the mitral annulus, below the left-sided His was performed with the same principles as on the right septum to minimize the possibility of inadvertent atrioventricular block (Figure 3) . The ablation catheter was positioned below the ostium of the CS as visualized by fluoroscopy; an A/V ratio of <1 was recorded; and at the successful ablation site, the atrial electrogram is closer to this recorded by the CS rather than the His electrode ( Figure 3) . Thus, inadvertent atrioventricular block is avoided after ablation either from the right or the left septum. 17 After ablation, arrhythmia induction during infusion of isoproterenol was attempted. End points for ablation success were demonstration of RF-induced junctional rhythm and noninducibility of AVNRT by programmed stimulation during isoproterenol challenge, in the same way as for rightsided ablation procedures.
Follow-Up
After successful ablation, patients were discharged from hospital within 24 hours on aspirin and no antiarrhythmic drugs. All patients were followed-up for at least 3-months, and repeated ablation was performed in cases of symptom recurrence during that time. Patients with a diagnosis of AVNRT at repeat ablation or patients who presented with a documented tachycardia similar to the clinical one before ablation were registered as failures.
Statistical Analysis
Data normality was analyzed using the Shapiro-Wilk test. Continuous variables were summarized as mean±standard deviation (SD) or median (interquartile range) and compared by the use of Mann-Whitney U test. Categorical data were expressed as frequencies (percentages) and compared using Fisher exact test. All statistical analyses were performed using IBM SPSS Statistics version 23 (IBM Corp, Armonk, NY). P values <0.05 were considered statistically significant.
RESULTS
Patients
In the retrospectively studied cohort, 1342 patients with AVNRT were analyzed at Athens Euroclinic, Greece (n=307); the Brigham and Women's Hospital, Boston, MA (n=414); and the University of Michigan Health System, Ann Arbor, MI (n=621). Of these, 15 patients underwent left septal slow pathway ablation after unsuccessful attempts from the right side either at the same procedure or at readmission for a recurrence after a previous right-sided procedure (group R+L; Table) . These patients were recruited from all participating centers. Eleven prospectively studied patients who were subjected to de novo left septal ablation of the slow pathway were recruited between 2012 and 2015 at Athens Euroclinic (L group; Table) . Some of the patients in the R-L group have also been published previously. 15 All patients in the L group had typical AVNRT, while 4 (26.7%) patients in the R+L group had atypical AVNRT.
Ablation
Recorded electrograms by the left-sided ablation catheter at the successful site displayed the same temporal relationships as those usually recorded by a right ablation catheter (Figures 2 and 3) . A junctional rhythm during RF current delivery and noninducibility of tachycardia was achieved in all patients in both the R+L and L groups. Residual slow pathway conduction was detected in 2 patients in the R+L group and in no patient in the L group. No atrioventricular conduction disturbance was encountered in any group. Ablation characteristics in both groups are also presented in Table.
Follow-Up
There were no cases of atrioventricular block during follow-up in either the R+L or the L group. There was one recurrence of the tachycardia in the R+L group and no recurrences in the L group during the follow-up period. No complications were reported in any patient during the follow-up period.
DISCUSSION
RF catheter ablation offers a 95% success rate, at a cost of a 0.5% to 1% risk of inadvertent atrioventricular block, and an ≈4% recurrence rate.
1-3 RF energy applications usually are delivered at the right posterior septum, but in difficult cases, either with typical or more often with atypical tachycardia, ablation may be attempted at the middle or superior septum. [18] [19] [20] [21] However, ablation at these sites is associated with an increased risk of inadvertent atrioventricular block. 22, 23 Our study indicates that a left septal ablation approach for ablation of the slow pathway is an effective procedure for the therapy of both typical and atypical AVNRT, as suggested by previous sporadic evidence. 14, 16, 24 Success rates in our series are compatible with data from conventional ablation, and there were no cases of atrioventricular block in this series of 26 patients. The left septal approach offers an alternative means for slow pathway access but requires puncture of the femoral artery and a transseptal approach. Therefore, in clinical practice, the left septal approach would be appropriate only when a conventional right-sided approach fails to render the tachycardia noninducible or in the rare cases in which the cardiac anatomy does not favor a right septal approach (Figure 4 ). 16 Our study provides evidence in support of molecular biology data that have identified the left inferior nodal extension as the most plausible site for the slow pathway. Connexin staining and genotyping studies have identified the left inferior extension and the atrioventricular node itself as areas of low Cx43 expression and, consequently, slow conduction. [8] [9] [10] On the contrary, the right inferior extension is an area of high Cx43 expression and, consequently, fast conduction together with the lower nodal bundle, an entity that cannot be identified by conventional histology techniques. [8] [9] [10] This notion is also supported by the observation that in the rabbit heart, atrioventricular delay can be avoided by pacing near the inferior nodal extension, suggesting that the same may be true in the human with excitation in the rightward extension spreading by means of the lower nodal bundle to a specific Cx43-positive domain of the His bundle, bypassing the compact atrioventricular node. 12, 25 Therefore, it seems reasonable to conclude that the left inferior extension mainly represents the anatomic substrate of the slow pathway (Figure 3) . Multiple sites such as the transitional cells that surround the compact node and that also possess fast conduction properties because of high expression of Cx43, and the lower nodal bundle or a proximal portion of the right inferior extension, may contribute to the anatomic substrate of the fast pathway. This is compatible with the findings of a seminal, intraoperative ice mapping study that localized the fast pathway at several points, including the anatomic position of the right inferior extension (points T3 and T5 in that report). 26 Although several parts of the nodal/perinodal area could serve as the fast pathway, explaining the substantial variability of earliest retrograde atrial activation during this arrhythmia, 2,3 the critical isthmus in the AVNRT circuit is the slow pathway that is determined by the electrophysiological characteristics of the left inferior nodal extension.
This hypothetical concept could explain some characteristics of this arrhythmia. When conventional right septal ablation is unsuccessful, slow pathway ablation can be accomplished by delivering energy in the proximal portion of the CS, a position closer to the left than the right inferior extension. Because of the possibility of multiple tachycardia circuits, slowfast and fast-slow AVNRT do not necessarily use the same anatomic pathway for fast conduction. 11 In addition, successful right septal ablation may abolish tachycardia inducibility without completely abolishing the slow pathway, presumably because of incomplete destruction of the left inferior extension by right-sided energy applications. 
Study Limitations
The main limitation of our study is that our numbers are too small to allow definitive conclusions about the safety and efficacy of this approach. Second, attempts to ablate the left inferior extension through the CS, which is a logical next step, were not systematically tried. Third, the left-sided approach is meaningful after a failed right-sided procedure. In such a case, the risks of the left approach most probably outweigh those of inadvertent atrioventricular block after extensive rightsided lesions. Finally, regarding our proposal about the AVNRT circuit, it should be noted that Cx43 is one of the 4 connexins that have been described to date (Cx40, Cx43, Cx45, and Cx30.2/31.9), 8 and Cx40 has a higher conductance than Cx43, but genotyping data exist only for Cx43. Thus, our proposed model is based only on the currently available genotyping data. Further in vivo and in vitro studies are necessary to elucidate the circuit of this common and fascinating arrhythmia. Finally, the total ablation durations for the left-sided ablation are higher than those usually needed by experienced teams in successful right-sided slow pathway ablation.
14 This may reflect a learning curve or a broader anatomic substrate.
Conclusions
Left septal ablation at the anatomic site of the left inferior nodal extension may be an effective procedure for both typical and atypical AVNRT. Targeting the higher septum does not seem necessary for the ablation therapy of typical or atypical AVNRT. When a conventional right-sided approach fails, left septal ablation, as described in our study, may be considered. Our results also support the notion that the left inferior extension may serve as part of the substrate of the slow pathway. 
